A new microfabrication technology for high-aspectratio Parylene structure is developed for soft spring applications and applied to in-plane seismometer which covers low frequency (< 1 Hz) and small acceleration range. Parylene beams having 10-40pm wide arid an aspect ratio of 10-30 were successfully fabricated. !Since Parylene has a small Young's modulus and is non-brittle material. high-aspect-ratio robust beam having spring constant on the order of I X I O -~ N/m was realized. A prototype capacitive seismometer was also made, and its resonant frequency and noise spectral density was respectively measured to be 37H2 and 45 p g I Since thc Brownian noise is only 25 n g l & , seismometer having much lower noise floor may be feasible using this new technology.
INTRODUCTION
For mechanical transducers, sensitivity to mechanical force should vary by orders of magnitude depending on the direction. The structure should he soft in the direction of interest, but il should bc very rigid to other two perpendicular directions to minimize mechanical cross talk. Therefore, fabrication technologies for highaspect ratio structures (HARS) attract much attention in the MEMS field.
The most straightforward approach for HARS is LO use deep reactive ion etching (DRIE) of silicon substrate such as the Bosch process 111. HEXSIL1~2, 31 and HARPSS141 are also proposed for high-aspect polysilicon stmctures, wherc deep trenches are refilled with polysilicon. However, both single crystal silicon and polysilicon are brittle so mechanical failure is of concern. High-aspect ratio metal structures can he .fabricated by LIGA [S] process, hut it requires X-ray, which is generally a much more complex process. Moreover, the existing technologies all use material having a large Young's modulus >100GPa, submicron lithography is often required to realize soft springs 161.
The objective of the present study is then to develop a new microfabrication technology to produce high-aspect ratio Parylene beams with small spring constant. The advantage of using Parylene is twofold. First, Parylene has a small Young's modulus (-4GPa), which makes easy small spring design. Secondly, Parylene is a non-brittle material with a large linear-elastic range (yield strain-3%), which allows large deflection without failure. Here, wc present the first in-plane seismometer using the Parylene high-aspect ratio beams.
FABRICATION
The major process flow for the high-aspect-ratio Parylene beam fabrication is shown in Fig. 1 . The process starts with 4" silicon wafers having 2ym thermal oxide. The oxide is patterned on the front side, and the substrate is DRIE etched with 400pin-deep trenches. The trenches are used as Parylene mold and their depth defines the desired height of the beams. Then, a second l y m thermal oxide is grown on all exposed silicon surface as the etch-stop layer for the later DRIE. This is followed by a Parylene-C deposition with a thickness of 10-20pm to refill the trenches. The deposition pressure is 22mT. The Parylenc film is then etched back using 0, plasma. Next, the backside oxide is patterned and silicon is etched away from the backside with DRIE to free the Parylene beams, although covered by the thermal oxide. Finally, the beams are completely freed by BHF etch of the etch-slop oxide. Figure 2a shows an SEM image ofthe 30 pm-width trench after the etch back of Parylene film. Clearly, the Parylene deposition is conformal, and film thickness inside the trench is almost uniform. Also seen is small void inside, which is caused because the top part of the trench is scaled at the early stage of the deposition. If desirable, this void can be completely eliminated with an etchback and a second Parylene deposition (Fig. 2b) . beam having 30pm in width, 400pm in height, and 2.5mm in length. Triangle-shaped trench etched into the substrate works well for the anchor. Figure 3b shows a magnified view of a pendulum structure with a IOpmwide beam (aspect ratio 30). The device was fixed onto a gonio stage and the deflection of the pendulum due to the gravity force was measured by changing the tilt angle. Figure 4 shows the deflection of the beam versus the gravity force. The spring constant IS as low as 0.0059 N/m, a value smaller than the designed value. This is partially because the second deposition of Parylene was not made for this test device, and the cross section of the beam is U-shaped as shown in Fig. 2a . It is noted that this soft spring is also robust and will not fracture even by shaking vigorously. In order to study the dynamic response of the Parylene beams, a 1 . 7 5~1 . 7 5 " silicon seismic mass supported with two Parylene leaf springs (Fig. 5&6) was fabricated. The beams are 20pm in width and 400pm in height. The device was glued onto a loud speaker and shaken i n the in-plane direction at prescribed frequency and amplitude. The relative displacement o i the seismic mass to the substrate was measured visually using a CCD camera. The CCD camera was equipped with a high magnification lens, and one pixel of the image corresponds to about 3pm. As shown in era1 hours, which corresponds to about 2~1 0~ cycles.
PARYLENE HIGH-ASPECT RATIO SPRING

PROTOTYPE IN-PLANE SEISMOMETER
In order to demonstrate the advantage of the Parylene high-aspect ratio beam, prototype of in-plane capacitive seismometer was designed and fabricated. As Counter electrodes were patterned on a glass wafer and attached to the silicon substrate with a gap of about IOOpm as shown in Fig. 8c . Figure 8d shows our early prototype seismometer, in which a differential-type readout IC (MicroSensors Inc., MS3 I IO) having a low noise tloor of 4aFl & is used. Figure 9 shows the static response of the seismometer using a tilt experiment. The sensitivity of this prototype is only 0.221Vi g, which is 5 times smaller than the designed value. This is probably due to the parasitic capacitance, since the gap between electrodes is not small enough when compared with the electrode width. The Brownian equivalent acceleration noise g,,,, is given by where k. 7 , and M are respectively the Boltzman constant, temperature, and the weight of the seismic massr'll. In the present seismometer,f,,=37Hz, which is the lowest resonant frequency among MEMS seismometers ever built. Moreover, the mass M=66mg is much larger than the mass of previous seismometers.
Thus, g,, given by Eq. (1) is as low as 25 ng / -\iHz, and three orders of magnitude smaller than the noise floor measured. Therefore, the noise level of the present seismometer is not be limited by the Brownian noise, and there exists much room to improve its sensitivity.
CONCLUSIONS
A new high-aspect-ratio Parylene beam technology is developed. Soft but robust spring is successfully fabricated and fully characterized by a series ofexperiments. Early prototype of capacitive in-line seismometer having a record-low resonant frequency (37Hz) was also made. The noise floor is found to be 45 pg 1 &, and is not limited by the Brownian noise
